| "
’ UNCLASSIF ED i/ 7y L/
SECUNRITY CILASSITICATION OF THIS PAGF (When Do’e Entorekh ’
I ~ 0T A &= [READDISFREESTORS &
REVGR?5’LUhEN5ATKn4?A¢L /C7k/ RHEFORE COMPLETING FORN t
1. REFORT HUMBER 2. GbVT AECESS” L ROJ 3. RECIPIENT 3 CATALOG KUMBER :

e boncatt wa b e s s & s

7 TITLE (i s bt REPORT & PERIGO TOVE
- / Finalp 1 Janveesesity7 7 -
4 Population Inversions and Their A o |
Thernally miweg Population Tnverstons and [her; | 18 Janee——t sy,
~ S (U' N
] ‘ 6 PERFOR‘&!NG ORGMGEPO.‘\T'“-MDE‘é

? g - POf607 2= Txept.
| q

(o)

s

S
.-

L L
o

8. CONTRACT OR GRAKRT HUM™: .Yi(s)

DAAG-29-77-G-00%8

\
}

R. Stephen/Berry

. FORMING ORGANIZATION HAME AND ADDRESS 16, PROGRAM ELENENT. PROJLLT. 145K
§. PERFORUING ORGANI AREA & WORK UNIT NUMBE RS A

The University of Chicage”
5735 S. Ellis Avenue, Chicazo. Illinois 60637

11, CORTROLLING OFFICE NAME AND ADDRESS LF}%&Q_BJ—DA .
U. 8. Arm R?search Office ' ( 30 May mg& ;
Post Office Box 12211 13. AUKBERQE.BLGES/
i 5

Research Triangle Park, NC 27709 -
T3, HORITORING AGENCY NAME & ADDRESS(!! different from Controlling Olflica) 15 SECURITY CLASS. (of thie iuport)

/"'w:\ s e s s v & aer e 8 wewras . ’z UnClaSSified
5| /DAAG29-T77-G ¢?¢ [ [ ST

v o 11 RtDUWCEuENvP(M‘!Mi Report)

I

LX

ADAO 8GO

P —mie, W

Approved for public release; distribution unlimited.

; /%JWZ

17. DISTRIBUTION STATEMENT (of the sdatract entefert Tri Block 20, |1 diffesent from Report)

NA

10. SUPPLEMENTARY NOTES
The view, opinions, and/or findings contained in this report are those of the

autbor(s) and should not be construed as an official Department of the Army
position, policy, or decision, unless so designated by other doccumentation.

S g v

19. KEY WORDS (Continue on revares slde I{ necessary and identily Dy olock aumboer)

. gy e
v — y————y

DDL FILE COPY

Alkali halide, shock tube, laser, ion-ion recombination, kinetics

\
15‘ ABSTRACY (Continue en reverse side if nuceceary aud identity by block number)

Alkali halide molecules dissociated by shock waves in gases exhibit population
distributions far from equilibrium. The kinetics of the subsequent chemical
relaxation have been worked out and the rate coefficients have been determined
_ for many of these ionic molecules. In some cases, the noncquilibrium populations
. are highly inverted, and in at least two systems, the inverted population has
been used to produce light amplification (lasing action) with spectral lingsg in

the visible region-r Qgﬂ 45‘0 4 M

DD o 1473 Emnéukr 1 NOV 65 IS OBSOLETE

s s

et

UNCLASSIFIED

C I b.dﬂ."lf‘i"!au Eal ad vs..Eﬂtﬂj Ed L LN 0. pz_-.lc
o I [N
o

L a— dimenmviiivie ERrininbieliiaiaietiiviliummmmisiviiniie St o .

—_—s
RER




THERMALLY -PRODUCED POPULATION INVERSIONS AND THEIR CONSEQUENCES
FINAL TECHNICAL REPORT

R. Stephen Berry, Principal Investigator

30 May, 1980

U.S. ARMY RESEARCH OFFICE

GRANT DAAG29=77-G-0080

The University of Chicago
Chicago, Illinois 060637

Approved for public relecase: distributica unlimited

Accession For

NTLS GRoAI =
DDC RS
Unoumeoung 0d

Juatifieation

R

Dist:ibutiogg

—Advgilaljlity Cados

Availand/or
Dist. special




| et e b WA ot ks o e el e

-1-
This research has been ihe exploration and exploitation of observations

1,2 under ARO support, and then by o‘chers,s'S that when

made first by us,
gaseous alkali halide molecules are dissociatea by collisions behind shock
waves, the population of diséociatcd species has a distribution far from
equilibrium. The salts of rubidium and cesium, and some of the salts of
potassium and even sodium, have their populations inverted in the sense

that the fraction of molecules dissociating to ions, relative to the fraction
dissociating to neutral atoms in their lower-energy ground states, far

excecds the fraction corresponding to thermal equilibrium at infinite
temperature. The rescarch carried out under this Grant has been divected toward
a) clucidating the kinetics of chemical relaxation of these systems from

their distributions immediately following the shock-induced heating to
cquilibrium, and b) making use of the inverted populations to generate

processes of interest such as lasing action. The rescarch consisted of two
kinds of shock-tube experiments, plds interpretive work in the form of

modeling calculations and theoretical studies. The experiments were syste-
matic kinetic studies corresponding to a) above, and exploratory spectro-

scopic investigations of the possibilities of lasing action or other inter-
esting light emission phenomena, under the rubric of b), above.

The kinetic studies were begun under a previous Grant from the Army
Research Office and have now been completeh. The results, which constitute
the doctoral theses of Richard Milstein and Joseph Weber, provide a quanti-
tative picture of the relaxation processes for RbCl, RbBr, RbI, CsCl, CsBr,
CsI, and, slightly less extensively, NaCl and KBr. The model is based on

the following set of reactions:




i

_'2;.

(Let M = alkali, X = halogen, * = electronic excitation)

Ar + MX © Av + M+ XT3 (1)
Ar o+ MX < Ar o+ MO+ X9 (2)
Ar + X ZAr ¢ X+ e (3)
MO« XO Tt e X (4)
WO e M4 2e; (5)
X"+ e < X%+ 20 (6)
MY+ e « M+ X (7)
MX 4 e TM+ X+ e ) (8)

At higher temperatures, the model also included

* - -
Mo+ XM + X (%)

and M+ M+ hv. (10)

We investigated the importance of iontzed halogen and lonized argon, and
found they are unimportant under the conditions of our experiments.

The temperature range of the studies was about 20)0-7000K. The kinetics
experiments were carried out by mon.iioring absorpii.n spectra, either photo-
metrically or photographically, as functions of time. The species monitored
wexe the alkali atoms, the halide ions and the diatomic molecules. The
kinetic model contains six species (excep% at high temperaturecs, where
it includes M* as a seventh). Moreover there are two equations foxr mass
conservation--one for M and one for X--and one for charge neutrality.

Hence in principle each system is completely determined. Moxrcover the

reactions were often followed to equilibrium, where the thermodynamic
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equi librium constants provide an additional set of constraints; and
finally, the rate coefficients for processes common to more than one
salt, such as Ar + Br = Ar + Br + e, must be consistent from one salt
to another. Consequently the réaction system is highly overdetermined.

In practice this overdetermination is not quite so complete because
of uncertainties, for example, in the temperature Aepcndencies of mole-
cular absorption . cocfficients, or of the precise corrections to be
made when spectral lines are not thin. Nevertheless the net result is a
rather satisfying picture in which rate coefficients for feactions (1)-(5)
have been determined, and in which upper bounds have been found for
reactions (6)—(8)‘which say that they are not important in our systems.
Moreover the rate coefficients foxr rcactions (1)-(5) have been measured
over temperaturc ranges long endugh to permit us to fit them to phcnomenclogical
forms such as Arrhenius expressions and to determine the phenomenological
parametess. In cases where our results may be compared with those of
other flame or shock tube studics, the agreement is quite good.s’6 The
shock-tube results from three laboratories for Reaction (3), Ar + X" > Ar + X + e,
are quite consistent. The results for reaction (4) are consistent with
those from flame studies;7 when one takes into account that the flame kinetics :

‘.O
‘(

. s . +
work distinguished » !

# X2 M+ X7 from MO+ X0+ Ax o+ M 4+ X7 4 Ar

“but our work did not. The results from the shock tube studies, while self-
consistent,'are not all in good agrecment with flame studies, e.g. for
reaction (1), and there has been a well-recognized difference between the
shock tube studies and molecular beam studies for reaction (3). Our results

e i L . 5 .
Jhave been presented in preliminary form in Mandl's review™ and summarized
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z4= %

"in*Péﬁx‘bY‘thi§>wriicr§6 the latter reference also states the present :
- situation regaxding the discrepant rates. The résults are availeble in :
detail in the th35¢§'0fvhiisteiﬁ8§and Webefsr(which;,at the time of this i
writing, is stild in‘draft forn), and will be published soon after Weber's :
thesd's 15 acéepted. ;

The second part of tlie -experimental résearch inivolved combining knowl-

iedge of the invertéd populations, together with the knowledge that neas- :

‘,59522223 iqhaiohuneu@taliZationﬁHas a very large cross section, to-try to é
genetate la¥gé populations of atoms ii -ekcited clectroni¢ states; by the ;
Aproqgsss(g)lin~revcrse@:M? + X 4¢M*ﬁ+‘X; This woxk was succéssfud when §

_ Na was used.as Mand 1 was used .as X. Tﬁe—rcsuiés were sometimes intense :

Bursts. of light from the yellow NaD. ‘line and -sometimes monsinusoidal but ;
osc¢illatoxry emi$3i0nfof\th¢f3aﬁei1ight310"These;pfpc&sseswhaV¢ been modeled

by H=T Wang in studics carsied out -under the ARO Grant,. and will be publislicd,

‘Theywappear‘thBe.thenconsequencc$~of“the nonlinéarity of the kinetic ;
}systcm'LI)a(S),‘(QL, (10);; especially the autocatalytic reaction :(5):. é

Light .amplification in. ion-ion neutralization had been observed in.
@he\fgrefrom~rQ$0nant=casefo.Na? el by Tibilpy.and‘Shukhtingijv»Wc‘
found amplification in the blue wings of the NaD line and: several Rb lines

which ve attributed to Haht® + 17 = NaAx" + I and Nake™ > Naw + AY + thy- and
-térthé~GOIIGSPOHdiﬂg;ProceSSeS~Wi$h;ﬁﬁziéfh¢f¢1e¢frén~§ran%ferasgeP'iﬁ? f
our system is very nearly. fesonant. Research subsequént, to thé Grant -dis=

-cussed:-hére is pursuing these-phenomena. in more-detail.

During some theoreticil studies.aimed-at understanding the peactions, :
expecially M + X7 = M + X and MAX + X° = MAR + X, H.<T. ‘Wang was -able -
. o - i
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to cxtend many of the ideas of quantum defect thcory to states of atoms

with two valence elecirons. This work will be published in due cours .
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